We have isolated mutants of Synechocystis PCC6803 that grew very slowly in a low-sodium medium, which is unfavorable for HCO3 transport, and examined two of these mutants (SC1 and SC2) for their ability to take up CO2 and HCO in the light. The COz transport activity of SC1 and SC2 was much lower than that of the wild type (WT), (18) supplemented with 20 mM Hepes-KOH buffer (KOH added to pH 8.0) during aeration with 3% vol/vol CO2 in air. Low-sodium medium was prepared by adding NaCl (final concentration, 100 ,tM) to the BG11 medium in which all of the sodium salts were replaced by potassium salts. Continuous illumination was with tungsten lamps providing 120 tumol of photosynthetically active radiation/m2.s. Cells in a logarithmic phase of growth were mutagenized with N-methyl-N'-nitro-N-nitrosoguanidine (40 ag/ ml) for 20 min in the light, washed twice, and grown with 3% C02/97% air in BG11 medium. Cells were then grown for 2 days with air in the presence of ampicillin (100 ,tg/ml) in the low-Na+ (100 tLM) BG11 medium. The activity of HCO3 uptake in Synechocystis PCC6803 at this Na+ concentration was much lower than at 15 mM Na+ (see curves a and e in Fig.  2C 
transport is discussed.
The C02-concentrating mechanism in cyanobacteria involves an active transport of inorganic carbon (Ci; CO2 and HCO3) driven by photosystem I cyclic electron flow (1) (2) (3) (4) (5) . Both CO2 and HCO3 are the species transported into the cells by this mechanism, and HCO3 appears to be the only species delivered to the interior of the cells (5, 6) . The cyanobacterial Ci-transport system has a high affinity to CO2 but has a low affinity to HCO3 (4, (6) (7) (8) ) (e.g., K2l , values of 1.6 and 141 ,tM for CO2 uptake and HCO3 uptake, respectively, for air-grown cells of Synechococcus; ref. 8) . Bicarbonate uptake requires the presence of Na+ in the millimolar range, but a very low concentration of Na+ (in the micromolar range) is large enough to saturate the response of CO2 uptake to Na+ (4, 9, 10) . These differences between CO2 uptake and HCO3 uptake in their kinetic parameters and Na+ requirement encouraged us to isolate mutants defective in CO2 transport. It was assumed that such mutants may not or may very slowly grow under low concentrations of Na+ and/or HCO3 in the medium, the conditions unfavorable for HCO3 transport.
Identification of gene(s) involved in Ci transport is one of the most important steps in elucidating the CO2-concentrating mechanism. This study aims at isolation and characterization of the gene(s) involved in CO2 transport. For this purpose, we isolated mutants of Synechocystis PCC6803 whose growth rate is much lower than that of the wild type (WT) with air levels of CO2 in a low-Na+ medium. Preliminary physiological data on one of these mutants (SC; SC1 in this paper) have been shown elsewhere (11) . We that the carbon source is supplied to the cells mainly by CO2 transport. The slow growth of the mutants was considered to be a result of insufficient supply of carbon because of a defect in the CO2 transport system. In the low-Na+ medium, the SC1 mutant grew very slowly, and the SC2 mutant was unable to grow even with air levels of CO2 (Fig. 1C) . Since HCO3 transport activity is low at 100 ,M Na+ (curve e in Fig. 2C (19) and the silicone-oil filtering centrifugation method (6) . Fig. 2A shows the CO2 exchange profiles of the cell suspension measured by the gas-analysis system and indicates that the CO2 uptake activity in SC1 and SC2 was one-third to one-fifth the activity of WT (= M in Fig. 2A ). The same result was obtained by measuring the uptake of 14CO2 into the intracellular Ci pool; the activity of CO2 uptake was much lower in the mutants than in the WT (curves a-c in Fig. 2B ). The CO2 uptake activity of SC2 was lower than that of SC1, suggesting that the mutation in SC1 did not completely abolish the function of the mutated gene. The activity of CO2 uptake in SC2 was completely abolished by DCMU (curve d in Fig.  2B ). Thus, the CO2 uptake in SC2 is not due to diffusion but indicates the presence of CO2 transport activity in the mutant. The activity was, however, not high enough to support the growth of the mutant (curve c in Fig. 1C ). There was no difference between the mutants and the WT strains in the activity of H14CO3 uptake (curves a-c in Fig. 2C) Fig. 4) Fig. 3 (Fig. 6) . The inner membrane of the chloroplast envelope but not in the thylakoid membrane, which suggested that the cotA gene product may be localized in the cytoplasmic membrane.
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The function of CemA is not known. Two histidine residues were highly conserved among the plant gene products, but only one of these residues was conserved in Synechocystis (asterisk in Fig. 6 ). The absence of homology between cotA and cemA products in the region of His-109 in pea (residues in the shadowed box in Fig. 6 , which are homologous to the residues containing a putative heme-binding histidine of animal cytochromes and shows the bases in plant genes that encode b-type cytochromes; ref. 29 ) raises a doubt that the cotA gene product is a b-type cytochrome.
The cotA gene product was highly hydrophobic, and the hydropathy index of the protein according to Kyte and Doolittle (30) showed four transmembrane domains; this structure was highly conserved among the products of cotA, cemA, and the homologous ORFs in chloroplasts of various plants.
Mutations in SC1 and SC2. Sequence analyses of fragments of the respective cotA genes of SC1 and SC2 in the region of mutations revealed an A -> C change at position 1667 in SC1 and change of two bases (C -> G at 1072 and T -> G at 1090). The mutations resulted in an Asn-246 -His change in SC1 and Pro-51 -> Ala and Phe-57 -> Val changes in SC2 in the deduced amino acids (Fig. 4) .
DISCUSSION
Mutants SC1 and SC2, which grew very slowly or not at all in low-Na+ medium, were isolated from Synechocystis PCC6803.
The growth of these mutants was much slower than that of WT under 60 ppm CO2 at pH 7.0) (Fig. 1B) , and complementation tests under these conditions enabled us to clone the gene, designated cotA. Evidently, the slow growth of these mutants are the result of the cotA mutation. Measurement of CO2 and HCO3 uptake revealed that CO2 uptake was specifically impaired in the mutants (Fig. 2) Comparison of the deduced amino acid sequences for the products of cotA of Synechocystis, liverwort(MARPO) ORF276 (13, 14) , tobacco(TOBAC) ORF229 (15) , pea CemA (12, 17) , and rice (Oriza) ORF230 (16 It is also possible that the cotA gene product has a role in a number of physiological reactions including CO2 transport, and the growth characteristics of the mutants reflect all of these reactions. If this is the case, the cotA gene product will have a function not specialized to CO2 transport. Then, the product could play a role in proton pumping (e.g., extruding proton produced as a result of C02-to-HCO3 conversion), or it could be a component required to energize systems such as the C02-to-HCO3 converting system or the HCO3-to-C02 converting system in the front-end model (34) . Further study is necessary to elucidate the exact function of the gene product in CO2 transport.
